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ABSTRACT
We present the results of a series of numerical simulations aimed to study the evolu-
tion of a disc galaxy within the global tidal field of a group environment. Both the
disc galaxy and the group are modelled as multi-component, collision-less, N -body
systems, composed by both dark matter and stars. In our simulations, the evolution
of disc galaxies is followed after they are released from the group virial radius, and as
their orbits sink towards the group centre, under the effect of dynamical friction. We
explore a broad parameter space, covering several aspects of the galaxy-group interac-
tion that are potentially relevant to galaxy evolution. Namely, prograde and retrograde
orbits, orbital eccentricities, disc inclination, role of a central bulge in discs, internal
disc kinematics, and galaxy-to-group mass ratios. We find that significant disc trans-
formations occur only after the mean density of the group, measured within the orbit
of the galaxy, exceeds ∼0.3–1 times the central mean density of the galaxy. The mor-
phological evolution of discs is found to be strongly dependent on the initial inclination
of the disc with respect to its orbital plane. That is, discs on face-on and retrograde
orbits are shown to retain longer their disc structures and kinematics, in comparison
to prograde discs. This suggests that after interacting with the global tidal field alone,
a significant fraction of disc galaxies should be found in the central regions of groups.
Prominent central bulges are not produced, and pre-existing bulges are not enhanced
in discs after the interaction with the group. Assuming that most S0 are formed in
group environments, this implies that prominent bulges should be formed mostly by
young stars, created only after a galaxy has been accreted by a group. Finally, con-
trary to some current implementations of tidal stripping in semi-analytical models of
galaxy evolution, we find that more massive galaxies suffer more tidal stripping. This
is because dynamical friction brings them faster to the group centre, in comparison to
their lower mass counterparts.
Key words: galaxies: evolution – galaxies: structure – galaxies: kinematics and
dynamics – galaxies: interactions – methods: N-body simulations
1 INTRODUCTION
Galaxies in high density environments, such as clusters or
groups, have properties that are consistently different from
those of galaxies in regions of the Universe with “aver-
age” density. For instance, in comparison to field galax-
ies, the population of galaxies within groups and clus-
ters is characterised by a higher fraction of red galaxies
with lower average star formation rate, as well as by a
lower fraction of disc galaxies (e.g., Dressler et al. 1997;
⋆ villalobos@oats.inaf.it
Lewis et al. 2002; Go´mez et al. 2003; Balogh et al. 2004;
Weinmann et al. 2006; McGee et al. 2008). Although the
precise mechanisms responsible for such differences remain
unknown, these observational findings do highlight the key
role played by environment in the evolution of galaxies.
In the framework of the currently favoured cosmological
model (the ΛCDM model), galaxy clusters are formed at rel-
atively late times, through a series of mergers and accretion
events of both dark matter and baryonic material, ranging
from small halos, isolated galaxies to large galaxy groups. In
such a context, a galaxy that resides in a cluster at present-
time has experienced several different environments dur-
c© — RAS
2 A´. Villalobos, G. De Lucia, S. Borgani, and G. Murante
ing its lifetime (e.g., Lacey & Cole 1994; Zhao et al. 2003;
Berrier et al. 2009; McGee et al. 2009). In each of these en-
vironments, a galaxy might have been affected by differ-
ent physical processes, such as, strangulation, ram-pressure
stripping, as well as tidal forces against the background po-
tential, and close encounters with other galaxies and sub-
structures orbiting within the same dark matter halo. The
combined effect of these processes likely played a significant
role in shaping the observed physical properties of galax-
ies residing in groups and clusters at present time (see the
review by Weinmann et al. 2011b). Thus, in order to bet-
ter understand the origin of these properties, it is crucial to
characterise and quantify the relative effect that those phys-
ical processes have on galaxies, in different environments.
From a theoretical point of view, a number of studies
have used numerical N-body simulations to investigate the
influence of environments on galaxy evolution. Most of them,
however, have been focused either on cluster mass scales
(e.g., Moore et al. 1999; Gnedin 2003; Mastropietro et al.
2005), or on Milky Way-like mass scales (e.g., Mayer et al.
2001a,b; Klimentowski et al. 2009; Kazantzidis et al. 2011).
For example, Mastropietro et al. studied the influence of
tidal stripping and galaxy harassment on the evolution of
disc galaxies within a cluster environment. In their study,
the authors extracted a cluster environment from a cos-
mological simulation, and replaced 20 of its particles (ran-
domly chosen at redshift z=0.5) with high-resolution multi-
component galaxy models. The authors found that the clus-
ter environment induces a series of strong bar formation
episodes that transform the galaxy morphologies from late-
type discs to dwarf spheroidals. The galaxies retain, how-
ever, a significant fraction of their rotational motion. Other
authors have taken advantage of hydrodynamic simulations,
using either smoothed-particle hydrodynamics (SPH) or grid
codes, to study the removal of a galaxy’s gas disc during its
motion through the intracluster medium (Quilis et al. 2000;
Roediger & Bru¨ggen 2006). At the lower end of the mass
spectrum, in a recent study, Kazantzidis et al. (2011) exam-
ined the transformation of dwarf disc galaxies into dwarf
spheroidals, driven by tidal interactions with a Milky Way-
size host galaxy, using N-body simulations of self-consistent
stellar discs placed within cosmologically motivated dark
matter (DM) halos.
On the group mass scale, some studies have explored
the role played by ram pressure stripping in the evolution
of galaxies that move through an intragroup medium (e.g.,
Marcolini et al. 2003; Roediger & Hensler 2005; Tecce et al.
2011), while recent work has focused on the evolution of
dwarf galaxies in the Local Group (Sawala et al. 2011),
and on the transformation of spiral galaxies into S0 galax-
ies via repeated close encounters with other group galax-
ies (Bekki & Couch 2011). Overall, surprisingly little work
has been dedicated so far to systems with velocity disper-
sions typical of galaxy groups, even though they arguably
represent the most common environment that galaxies ex-
perience. Indeed, it has long been claimed that a significant
fraction of the cluster galaxy population might have been
“pre-processed” in groups, that later merged onto clusters
(Zabludoff & Mulchaey 1998). This appears to be confirmed
by McGee et al. (2009, but see also Berrier et al. 2009), who
used merger tree information from semi-analytic catalogues
to explore the accretion of galaxies onto clusters and groups.
The authors found that clusters at redshift epochs ranging
from z=0 to z=1.5 have accreted a significant fraction of
galaxies through groups. Specifically, they estimated that
∼40 per cent of galaxies with Mstellar > 10
9M⊙ were ac-
creted onto clusters withMcluster=10
14.5M⊙ through groups
with Mgroup > 10
13M⊙. In a recent paper, De Lucia et al.
(2011) confirm that a significant fraction of the galaxies that
currently reside in a cluster have spent time as satellites of a
lower mass system before being accreted onto the final par-
ent halo. This fraction is largest for lowest mass galaxies. In
addition, by comparing their theoretical predictions with ob-
servational estimates of the passive fraction as a function of
the parent halo mass and cluster-centric radius, they argue
that satellite galaxies become passive after they have spent
a relatively long time (∼ 5 − 7 Gyr) in halos more massive
than ∼ 1013M⊙. It is therefore crucial to understand the
influence of different physical processes on galaxy evolution
for scales typical of galaxy groups.
The aim of this paper is to help alleviate the afore-
mentioned lack of numerical studies by exploring the evolu-
tion of disc galaxies within a group environment, covering
a broad parameter space. We use high-resolution N-body
simulations and focus specifically on the effect of the global
tidal forces on galaxy evolution. This approach allows us to
isolate this effect, distinguishing it from those of other rel-
evant processes, such as, low-velocity close encounters with
other group members. Ultimately, we plan a better quan-
tification of the relative importance that different physical
process have on galaxy evolution, as they are gradually in-
troduced in the next papers of this series. Because of this
approach, our group environments are built from idealised
initial conditions, do not account for hierarchical growth,
and do not contain substructures. Thus, by design, the sim-
ulations presented in this study do not include the effect of
close encounters on galaxy evolution.
The layout of this paper is as follows: §2 describes the
set-up of our experiments; §3 describes the results of our
simulations; in §4 we discuss our results and in §5 we sum-
marise our conclusions. At the end of each subsection in §3
we include short summaries for readers who prefer to skip
the detailed description of the simulations.
2 SET-UP OF NUMERICAL EXPERIMENTS
We have carried out a total of 17 experiments in order to
study the general evolution of disc galaxies within a group
environment. Our basic strategy is to release a single disc
galaxy at a time, from the virial radius of the group, study-
ing the evolution of its morphology and kinematics as it
orbits within the group. Each experiment explores a single
aspect of the galaxy-group interaction (see below), in order
to estimate its role in the general evolution of galaxies. We
run our simulations for 12 Gyr, independently of whether
the galaxy reaches the centre of the group, it is destroyed or
it survives.
The group environment is modelled as a N-body
(i.e. “live”) DM halo, following a NFW density profile
(Navarro et al. 1997):
ρhalo(r) =
ρs
(r/rs)(1 + r/rs)2
, (1)
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Table 1. Properties of group environments.
“z=0” “z=1”
DM Halo
Virial mass 9.9× 1012 9.9× 1012 (M⊙)
Virial radius 555.94 329.19 (kpc)
Concentration 9.74 4.87
Circular velocity 276.97 360.07 (km s−1)
Number particles 1.1× 106 1.1× 106
Softening 0.55 0.32 (kpc)
Stellar spheroid
Mass 1011 1011 (M⊙)
Scale radius 3.24 1.91 (kpc)
Number particles 5× 105 5× 105
Softening 0.1 0.06 (kpc)
Table 2. Properties of disc galaxies.
“z=0” “z=1”
Label REF,BUL(1),CIR, MR1:5 MR1:20 REF,BUL(1),CIR, MR1:10 MR1:40
experiment RAD,RET,COL(2),FON RAD,RET,COL(2),FON
DM Halo
Virial mass 1012 2× 1012 5× 1011 5.07× 1011 1012 2.53× 1011 (M⊙)
Virial radius 258.91 326.2 205.5 122.22 153.98 97 (kpc)
Concentration 13.12 11.99 14.36 6.56 6 7.18
Circular velocity 129.17 162.76 102.51 133.93 168.77 106.29 (km s−1)
Number particles 5× 105 5× 105 5× 105 106(3) 106 106
Softening 0.35 0.44 0.28 0.41 0.6 0.6 (kpc)
Stellar disc
Disc mass 2.8× 1010 5.6× 1010 1.4× 1010 1.42× 1010 2.84× 1010 7.09× 109 (M⊙)
Scale-length 3.5 4.4 2.7 1.6 1.6 1.6 (kpc)
Scale-height 0.35 0.44 0.27 0.16 0.16 0.16 (kpc)
Q 2 2 2 2.5(3) 2 3
Number particles 105 105 105 105 105 105
Softening 0.05 0.06 0.04 0.012 0.012 0.012 (kpc)
(1): A stellar bulge is added at the centre of the disc, with Mbulge=0.3Mdisc and abulge=0.2RD. (2): Disc kinematically cold, with
Q=1.25. (3): Values are larger, with respect to “z=0”, to enhance the stability of the disc against the formation of a bar.
where ρs is a characteristic scale density and rs a scale ra-
dius. The simulated group also includes a spherically sym-
metric stellar component at its centre to account for a cen-
tral galaxy, that is assumed to follow a Hernquist density
profile (Hernquist 1990):
ρ∗(r) =
M∗
2pi
a∗
r(r + a∗)3
, (2)
where M∗ is the stellar mass and a∗ is the scale radius.
Galaxies are modelled as multi-component systems com-
posed by a stellar disc embedded in a DM halo. Stellar discs
are built according to the following density profile:
ρdisc(R, z) =
Mdisc
8piR2DzD
exp
(
−
R
RD
)
sech2
(
z
2zD
)
, (3)
where Mdisc is the disc mass, RD is the exponential scale-
length, and zD is the exponential scale-height. Depending on
the experiment, the stellar discs can also contain a central
stellar bulge, following a Hernquist profile. Galaxy DM ha-
los follow a NFW density profile and are initially spherical,
do not rotate, and the structure of their inner region has
been adiabatically contracted to account for the growth of
the baryonic component(s). We refer the interested reader
to Villalobos & Helmi (2008) for a complete description of
the procedure followed to generate the self-consistent initial
conditions used for this study.
Our experiments probe an ample range of the param-
eter space, exploring different aspects of the galaxy-group
interaction that are potentially relevant to the evolution of
galaxies. In particular, we study the effect of: prograde and
retrograde infalls (with respect to the sense of rotation of the
disc), different orbital eccentricities, the presence of a central
stellar bulge in the disc, different internal kinematics of the
disc, and different galaxy-to-group mass ratios. The initial
orbital parameters of discs are chosen to be consistent with
distributions of orbital parameters of infalling substructures,
obtained from cosmological simulations (Benson 2005). In
c© — RAS, MNRAS 000, 1–25
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Table 3. List of experiments at redshift “z=0” [and “z=1”].
Label Orbit θa (Vr , Vφ)
a ea Mgalaxy :Mgroup Notes
(1) (2) (3) (4) (5) (6)
REF Prograde 0◦ (0.9,0.6) 0.86 1:10 [1:20] Reference experiment
BUL Prograde 0◦ (0.9,0.6) 0.86 1:10 [1:20] Bulge added to disc
CIR Prograde 0◦ (0.6,1.1) 0.6 1:10 [1:20] More “circular” infall
RAD Prograde 0◦ (1.2,0.3) 0.97 1:10 [1:20] More “radial” infall
RET Retrograde 180◦ (0.9,0.6) 0.86 1:10 [1:20] Retrograde orbital infall
FON - 90◦ (0.9,0.6) 0.86 1:10 [1:20] “Face-on” infall
COL Prograde 0◦ (0.9,0.6) 0.86 1:10 “Colder” disc kinematics
MR1:5 Prograde 0◦ (0.9,0.6) 0.86 1:5 More massive galaxy
[MR1:10] [1:10]
MR1:20 Prograde 0◦ (0.9,0.6) 0.86 1:20 Less massive galaxy
[MR1:40] [1:40]
(1) Sense of the orbital infall with respect to the disc rotation. (2) Initial angle between the
orbital and intrinsic angular momentum of the disc. (3): Radial and tangential components of
the initial velocity of the disc, in units of the virial circular velocity of the group. (4): Initial
orbital eccentricity. (5): Initial galaxy-to-group mass ratio. (6): Differences with respect to the
reference experiment. (a): Same values used at both redshift epochs.
order to cover those distributions, we choose for our exper-
iments the most likely eccentricity of infall, and both the
least and the most eccentric orbits.
We place our simulations at two different redshift
epochs, “z=0” and “z=1”1. Thus, we are able to also ex-
plore possible dependencies of disc evolution on the group
structure. We choose to use a fixed value for the mass of
groups at both “z=0” and “z=1” (1013M⊙, that is within
the mass range reported by McGee et al. 2009 where signif-
icant environmental effects must take place), only evolving
with redshift both the group concentration and virial radius.
At each redshift, we define our “reference” galaxy mod-
els as those with bulge-less discs, on prograde infalling or-
bits with the most likely orbital eccentricity. At “z=0” the
reference galaxy resembles a bulge-less, slightly less mas-
sive Milky Way (MW), while at “z=1” it is a smaller ver-
sion of the MW, obtained by scaling down its properties as
in Mo, Mao, & White (1998). This scaling involves defining
both the disc mass and the disc scale-length as constant frac-
tions of the virial mass and virial radius of the galaxy halo,
respectively, at each redshift. Therefore, our reference galaxy
at “z=1” is half as massive as that at “z=0”. Tables 1 and 2
list the structural parameters of our groups and disc galax-
ies, respectively, and Table 3 provides the complete list of
experiments and their characteristics. Throughout the paper
we refer to each experiment by its label or its main charac-
teristic interchangeably.
We have also performed simulations of all disc galaxies
in isolation, evolving them as long as the full simulations,
12 Gyr. Our galaxies are found to be stable, in terms of their
structure and kinematics, and show a negligible evolution in
1 The quotation marks denote that our group environments are
not evolved with cosmic time throughout the simulations.
the conservation of both their total energy and total angular
momentum.
The typical computational cost required to complete
a single simulation is between 432 and 768 core processor
hours, using 32 tasks (i.e., 16 cores in simultaneous multi-
threading mode) of the IBM P575 Power 6 (“SP6”) super-
computer hosted by CINECA2. The simulations were run
using GADGET-3, a non-public evolution of the GADGET-
2 code. We refer the interested reader to Springel (2005),
for a complete description of the latter. The main improve-
ment of GADGET-3 over GADGET-2 resides in its mul-
tiple domain decomposition. Domain decomposition in the
GADGET code is based on the computation of the Peano-
Hilbert space-filling curve connecting all the particles. This
curve is then split intoM segments, to be assigned to differ-
ent processors. These segments are then ranked according
to their estimated computational cost. In the GADGET-3
code, each of the N (<M) tasks is allowed to receive more
than one disjoined segment of the Peano-Hilbert curve, with
the first task receiving the most and the least expensive,
and so on, thus providing a more efficient work-load bal-
ance among the tasks. This kind of decomposition allows a
substantial increase in speed, especially when a few massive
objects dominate the processing cost, as in the simulations
presented here.
3 RESULTS
3.1 Disc orbital evolution
In our simulations, the evolution of the disc galaxies takes
place from the moment they are released on an infalling or-
2 http://hpc.cineca.it/.
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Figure 1. Trajectories of the centres of mass of disc galaxies with initial orbital eccentricities e=0.86, 0.6 and 0.97 (REF, CIR and
RAD experiments, respectively), as they spiral in towards the centre of the group at redshift “z=0” and “z=1”. The coordinate system
is centred on the centre of mass of the group and the XY projections are on the orbital plane of the disc. The first pericentric passages
(solid dots), and their respective times (in units of Gyr), are included as reference, as well as the initial virial radius of the group (dotted
lines).
bit at the virial radius of the group environment. Figure 1
shows the trajectories, over 12 Gyr of infall, of the centre
of mass of the disc galaxy for our REF (reference), RAD
(most radial infall) and CIR (most circular infall) experi-
ments for the redshift epochs “z=0” and “z=1”. This figure
offers a direct comparison between the most likely orbit of
infall, according to velocity distributions from cosmological
simulations, and the extremes of those distributions. At a
given redshift epoch, the most likely orbit seems more sim-
ilar to the most radial infall than to the most circular one.
This can also be noted in terms of the initial eccentricities of
the orbits (see Table 3). However, in the most radial orbit,
the disc galaxy penetrates deeper in the central region of the
group and on shorter timescales than in the case of the most
likely orbit. Thus, the disc galaxy on a more radial orbit is
affected faster by stronger tidal shocks against the central
potential of the group. This leads to a more dramatic evo-
lution in the disc, especially with respect to a more circular
orbit in which the disc galaxy experiences fewer pericentric
passages, generally closer to the virial radius of the group
than to its centre.
The disc galaxy on the most likely infalling orbit at
“z=1” experiences more pericentric passages in comparison
to the same case at “z=0”. This is expected as a conse-
quence of the smaller galaxy-to-group mass ratio at “z=1”
(1:20 vs. 1:10), which is inversely proportional to the merg-
ing timescale driven by dynamical friction. In general, in
our experiments at “z=1”, the disc galaxy spends more time
away from the denser central region of the group, as opposed
to “z=0”, meaning that the disc is exposed to a broader
range of mostly lower densities within the group. In fact,
for the most circular orbit at “z=1”, the galaxy spends a
significant amount of time beyond the (initial) virial radius
of the group.
The strong influence of dynamical friction on the in-
falling disc galaxy, that progressively shrinks its orbit over
time, is evident in Figure 1. Dynamical friction is usually
understood as the dragging force exerted on an object that
moves through a homogeneous medium, which in N-body
simulations is usually modelled by numerous less massive
particles. Such dragging force comes from the gravitational
pull produced by medium particles, that cluster behind the
c© — RAS, MNRAS 000, 1–25
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Figure 2. Evolution of the distance between the centres of mass of the disc and that of the group for all our experiments, at redshift
epochs “z=0” and “z=1”.
moving object. As it can be seen in our experiments, such
dragging force continuously reduces the galaxy tangential
velocity (and angular momentum), causing it to spiral-in
towards the centre of the group. This can also be seen in
Figure 2 as a monotonic decrease of both the apocentric
and pericentric distances, over subsequent passages of the
disc galaxy around the centre of the group. Figure 2 also
shows the dependence of dynamical friction on the initial
orbital parameters of the disc galaxy and on the galaxy-to-
group mass ratio. Dynamical friction is less efficient for or-
bits that are initially more circular (CIR vs. REF vs. RAD),
and also for lower galaxy-to-group mass ratio (MR1:20 vs.
REF vs. MR1:5, for “z=0”; MR1:40 vs. REF vs. MR1:10,
for “z=1”). The first trend can be understood in terms of
the radial mass distribution of the group. A disc galaxy ini-
tially on a more circular infalling orbit spends more time
at larger distances from the centre of the group, where the
medium surrounding the galaxy is less dense. Therefore, it
is less efficient at dragging the disc galaxy and reducing its
angular momentum. The second trend, as mentioned above,
accounts for the inverse proportionality between the galaxy-
to-group mass ratio and the timescale of dynamical friction.
Interestingly, at “z=1” there is little difference in the evo-
lution of the orbit between the most likely infall (REF) and
the most radial one (RAD), compared to the corresponding
experiments at “z=0”. This indicates that the effect of the
dynamical friction is more similar in these experiments at
“z=1”. This can be understood as a consequence of the dif-
ferent structure of the group DM halo at different redshifts.
In general, DM halos are found to be less concentrated at
higher redshift, for a fixed virial mass. That is, its mass con-
tent is more evenly distributed with radii in halos at higher
redshift. Then, in those halos, the efficiency of dynamical
friction is expected to show less variation with radius, in
comparison to more concentrated halos. Thus, one can also
expect less differences in the orbital evolution of galaxies
having different initial orbital eccentricities.
Summarising, galaxies in more eccentric orbits and/or
with higher galaxy-to-group mass ratios experience stronger
dynamical friction as they orbit in a group, which makes
them decay faster towards the group centre. At higher red-
shift, galaxies with different initial eccentricities show less
differences in the evolution of their orbits, at fixed halo
mass. This can be linked to the less centrally concentrated
mass distribution of groups at higher redshift, which causes
weaker radial variations in the dynamical friction acting
upon galaxies.
3.2 Mass loss
In order to quantify how much bound mass (both DM and
stars) galaxies retain as they orbit within a group environ-
ment, the following algorithm was used: (i) Consider all DM
and stellar particles of the galaxy that were bound at the
previous snapshot as bound at the current snapshot. If the
current snapshot is the initial one, then all galaxy particles
are considered bound by construction; (ii) Compute the to-
tal bound mass of the galaxy and the velocity of its centre
c© — RAS, MNRAS 000, 1–25
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Figure 3. Evolution of the mass fraction (both DM and stars) that remains bound to the galaxy during the galaxy-group interaction,
for all our experiments at redshift epochs “z=0” and “z=1”.
of mass; (iii) Compute the binding energy of the particles
that are considered bound using the updated velocity of the
galaxy’s centre of mass; (iv) Retain only those particles that
are still bound (i.e., with negative binding energy), and re-
compute the total mass of the galaxy; (v) If the total bound
mass from (ii) and (iv) has converged, then record it and go
back to (i) for the next snapshot. If the total bound mass has
not converged, then go back to (ii) using the bound particles
found at step (iv).
Figure 3 shows the evolution of the number of parti-
cles that remain bound in both the DM halo and the stellar
disc of the galaxy during its infall within the group envi-
ronment. In general, the evolution is characterised by alter-
nating phases of fast and slow mass loss rates, which are
closely related to the orbital evolution of the galaxy. Phases
of fast mass loss take place when the galaxy is near one of its
pericentric passages, where DM particles and disc stars in
the galaxy suffer significant impulsive accelerations by the
group potential. On the other hand, slow phases of mass loss
occur when the galaxy approaches the apocentres. In gen-
eral, galaxies lose DM mass much earlier than stellar mass.
In most cases, more than half of the initial DM mass is lost
after the first pericentric passage of the galaxy, while stellar
discs are able to retain half of their initial mass after sev-
eral pericentric passages. This can be explained by the fact
that DM halos are less concentrated and (initially) more ra-
dially extended than stellar discs. As galaxies orbit within
the group, the barely-bound external particles of halos are
quickly removed as they encounter the high density central
region of the group, where they experience strong impulsive
accelerations. On the other hand, disc stars sit at the bot-
tom of the potential well of the galaxy, where they require
a significant increase in their kinetic energies to be removed
from the discs, therefore remaining bound to the galaxy for
longer times.
In our simulations, the extreme cases in the evolution
c© — RAS, MNRAS 000, 1–25
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of mass loss are found for the experiments that explore dif-
ferent orbital eccentricities and galaxy-to-group mass ra-
tios. Namely, at “z=0”, the CIR; RAD; MR1:5 and MR1:20
experiments, and at “z=1”, the CIR; RAD; MR1:10 and
MR1:40 experiments. With respect to the REF experiment,
more DM mass remains bound to the galaxy halo in the
CIR; MR:1:20 and MR1:40 experiments, that have in com-
mon the fact of being affected by less efficient dynamical
friction (see §3.1), which keeps the galaxies away from the
central region of the group where strong accelerations at
pericentric passages are more intense. In these experiments,
discs are capable to retain most of their mass (>95 per cent)
over 12 Gyr of evolution within the group environment. On
the other hand, in the RAD; MR1:5; and MR1:10 experi-
ments, the dynamical friction is more efficient and galaxies
are dragged towards the central region of the group early on
during the infall. In these cases, both DM and stellar mass
are stripped faster than in the REF experiment. Typically,
DM halos only retain ∼30-40 per cent of their mass after
the first pericentric passage, while discs can delay the start
of their mass loss until the third pericentric passage.
The rest of the experiments (i.e., FON, BUL3, COL,
RET) show an evolution of DM mass loss that is basically
identical to that in the REF experiment. This is to be ex-
pected since those experiments explore different configura-
tions related only to the galaxies’ discs. On the other hand,
the stellar mass loss in those experiments show very inter-
esting variations. Discs infalling with different inclinations
with respect to their orbital planes (REF vs. FON vs. RET)
lose stellar mass in distinct ways during the infall within
the group. RET experiments (where discs have their intrin-
sic and orbital angular momentum vectors antiparallel) are
shown to retain up to ∼15 per cent more stellar mass along
their orbits, with respect to the REF experiments (which
have the aforementioned angular momentum vectors par-
allel)4. Interestingly, the FON experiments, in which discs
infall face-on (i.e., their intrinsic and orbital angular mo-
mentum vectors are orthogonal), show an intermediate be-
haviour with respect to the REF and RET experiments,
where discs infall edge-on. This suggests that the inclina-
tion of the stellar discs with respect to their orbits is an im-
portant factor for galaxy evolution during the infall within
groups (see Section 3.3). Note also that, at “z=0”, the discs
in the REF, FON and RET experiments have all lost almost
completely their stellar content by the end of the simulations
(∼12 Gyr), independently of differences in their past evolu-
tion. This shows that the longer the discs retain their mass
during intermediate stages of the infall, the faster they will
lose it at later times. This can be understood in terms of the
role played by dynamical friction during the infall. The more
mass a disc retains, the more efficient the influence of dy-
namical friction is, which brings the disc close to the centre
of the group on shorter timescales. Here, it can be affected
by stronger impulsive accelerations, leading to a faster mass
3 Throughout the paper the outcome of our BUL experiments is
analysed exclusively from the point of view of the evolution of the
disc. Only disc stars are included in all measurements, excluding
stars belonging to the bulge by construction.
4 Note that our definition of retrograde infall differs from that
used in Murante et al. (2010), where the sense of the orbit was
defined with respect to the primary halo/disc spin.
loss rate. In a similar vein, the presence of a central stellar
bulge in the disc in the BUL experiment (with 1/3 of the
disc’s mass), deepens the potential well enough to allow the
disc to retain slightly more bound mass during the first part
of the infall, in comparison to the REF experiment. Simi-
larly to the FON and RET experiments, this retention of
extra bound mass makes the disc in the BUL experiment to
lose mass faster at later stages of the infall. This type of be-
haviour is seen yet again for the COL experiment, where the
colder kinematics of the disc (i.e., with a lower Q parameter)
keeps the stars closer to the midplane, which makes them
less likely to get stripped during the early stages of the evo-
lution. Again, the disc is able to temporarily retain more
bound mass, only to lose it faster by the end of the infall,
compared to the REF experiment.
Note that, in general, the fraction of bound stellar mass
decreases more slowly in the experiments at “z=1”, com-
pared to those at “z=0”. This can be understood as a con-
sequence of the more compact discs at “z=1”, and of the
shallower radial variation of the global potential well, due
to the less concentrated mass distribution of the group at
higher redshift. This leads to weaker and less destructive
impulsive accelerations affecting the disc at each pericentric
passage, which helps preserving for a longer time the mass
originally bound to the discs. This highlights the key role
played by the structure of the environment on the evolution
of disc galaxies.
Summarising, we find that galaxies with more eccentric
initial orbits and those with higher galaxy-to-group mass ra-
tios experience a faster loss of bound mass, in comparison
to the reference experiment. This occurs as a consequence of
the more efficient dynamical friction affecting the galaxies
in the first cases, which brings them faster within the dense
central region of the group, exposing them to stronger im-
pulsive accelerations. Additionally, the initial inclination of
disc galaxies, with respect to their orbital planes, is found
to be an important factor in the evolution of their mass loss.
In particular, galaxies with infalling inclinations of 90◦and
180◦are found to be able retain increasingly more mass dur-
ing intermediate stages of the orbit, compared to galaxies
with 0◦inclination. We also find that when galaxies retain
more mass during intermediate stages of the infall, they end
up losing it faster at later times. This is also related to the
more efficient dynamical friction acting on more massive
galaxies. Finally, less concentrated groups, in experiments
at higher redshift, are found to be linked to significantly less
violent decreases in the fraction of bound stellar mass of
galaxies, given that they provide a relatively weaker global
force field.
3.3 Disc morphology
As shown in the previous section, disc galaxies go through
significant evolution in their stellar content as they orbit
within a group environment.
Figures 4–7 show the evolution of the morphology of
disc galaxies in the REF, FON and RET experiments at
“z=0” and “z=1”. These experiments explore different ini-
tial inclinations of the discs with respect to their orbital
planes. Changes in the morphology are illustrated in terms of
(equally-spaced) number density contours, considering only
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Figure 4. Face-on views of the morphological evolution of disc galaxies for our REF (reference), FON (face-on infall) and RET (retrograde
infall) experiments at “z=0”, after each of their first six pericentric passages. Number density contours are drawn at the same levels to
ease the comparison, and only stars that remain bound to the disc, at a given time, are considered.
Figure 5. Same as Fig. 4 but in edge-on view.
disc stars that remain bound at the respective pericentric
passage.
The Figures show striking differences in the morphology
of discs after the first pericentric passage. Disc galaxies in
the REF experiments are characterised by the formation of
strong tidal arms, while in the RET experiments discs main-
tain their initial circular shape. Interestingly, discs in the
FON experiments are an intermediate case, showing milder
tidal arms than in REF, but conserving most of their ini-
tial shape, as in RET. Note that the first pericentric pas-
sage occurs after the same infall time and at the same dis-
tance from the group centre, for all three experiments at a
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Figure 6. Face-on views of the morphological evolution of disc galaxies for our REF (reference), FON (face-on infall) and RET (retrograde
infall) experiments at “z=1”, after each of their first six pericentric passages. Number density contours are drawn at the same levels to
ease the comparison, and only stars that remain bound to the disc, at a given time, are considered.
Figure 7. Same as Fig. 6 but in edge-on view.
given redshift. Therefore, all three discs are affected by the
same global force. A very similar evolution is observed up
to the fourth (sixth) pericentric passages at “z=0” (“z=1”).
In general, discs in the FON and RET experiments show
a remarkable increasing resilience against the formation of
tidal arms, with respect to discs in the REF experiments.
The different evolution of discs in prograde and retro-
grade orbits, regarding the formation of tidal arms, can be
explained by the different net tangential velocities of stars
on opposite sides of the disc during a pericentric passage.
In a prograde orbit, disc stars that are closer to the group
centre have lower angular momenta than the disc centre of
c© — RAS, MNRAS 000, 1–25
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Figure 8. Evolution of the mass surface density and thickness profiles of disc galaxies, for our REF (reference) experiments at “z=0”
and “z=1”, after each of their first six pericentric passages. The profiles have been computed in concentric rings, 1 kpc wide, considering
only stars that remain bound and are located within 3 kpc from the midplane. At each radius the thickness of discs is computed as 〈|z|〉.
mass, with respect to the centre of the group, while stars on
the opposite side of the disc have higher angular momenta.
The combined effect of this different distribution of angu-
lar momenta and the global tidal field stretches the disc in
opposite directions, inducing the formation of tidal arms.
On the other hand, in a retrograde orbit, disc stars closer
to the group centre have higher angular momenta than the
disc centre of mass, and those on the opposite side of the
disc have lower angular momenta, with respect to the group
centre. In this case, the global tidal field is less efficient at
stretching the disc, and the formation of tidal arms is inhib-
ited.
Although the results discussed above are valid for disc
galaxies orbiting in a group-size halo, it is interesting to note
that the presence of spiral arms induced by the tidal field
seems to be consistent with observations of spiral arms in
unrelaxed populations of early-type dwarf galaxies in the
Virgo cluster (e.g., see Lisker et al. 2007).
Figures 4–7 also show a quantitative difference in the
central bars formed in each case. They appear stronger for
discs in the REF experiments, and progressively milder in
the FON and RET experiments. It is interesting to notice
that the relative strength of the central bars seems to cor-
relate with the thickening generated in the discs after sub-
sequent pericentric passages. In general, discs in the RET
experiments remain significantly thinner than those in the
REF experiments, while in the FON experiments the initial
vertical structure of discs is considerably altered by a notice-
able warping during the first pericentric passages, especially
after the third one.
Finally, regarding the rest of the experiments, our sim-
ulations show that all disc galaxies on prograde orbits suf-
fer morphological changes that are rather similar to those
seen in the REF experiments. This evolution is found to be
independent of the galaxy-to-group mass ratio, initial or-
bital parameters, presence of bulge or disc kinematics. The
timescales at which these morphological changes occur, how-
ever, are directly related to the efficiency of the dynamical
friction affecting the disc in each case. That is, the morpho-
logical evolution is found to be faster for galaxies with more
eccentric initial orbits and/or with larger galaxy-to-group
mass ratios.
c© — RAS, MNRAS 000, 1–25
12 A´. Villalobos, G. De Lucia, S. Borgani, and G. Murante
Figure 9. Evolution of the structure of disc galaxies in terms of their scale-lengths, RD, mean thickness, 〈|z|〉, and both central and
global m=2 Fourier amplitudes, Acentral and Aglobal. The evolution of discs is shown along with the strength of the global tidal force
acting upon them along their orbits, estimated as the group-to-galaxy mean density ratio, 〈ρgroup〉/〈ρgalaxy〉 (see details in the text).
For comparison, the evolution of the structure of isolated disc galaxies (thin lines), and the times of pericentric passages (vertical dotted
lines), are also included. For clarity, only the REF (reference), RAD (more eccentric infall), FON (face-on infall) and RET (retrograde
infall) experiments at “z=0” are shown, while the rest of the experiments can be found in the Appendix.
Summarising, the morphological changes experienced
by disc galaxies orbiting within a group are characterised
by the formation of tidal arms and a central bar, induced by
the global tidal field during pericentric passages. Our simu-
lations show that the significance of these morphological fea-
tures is closely related to the initial inclination of the discs
with respect to their orbital planes. The morphological evo-
lution is found to be stronger for discs with inclination 0◦,
and weaker for discs with inclination 180◦. In the latter case,
discs are able to retain their initial morphology (especially
their thickness) after several pericentric passages. The mor-
phology of disc galaxies with initial inclination 90◦are typi-
cally affected by a strong warping during the first pericentric
passages. All disc galaxies in prograde orbits are found to
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Figure 10. Same as Fig. 9, but for experiments at “z=1”.
suffer similar morphological changes, and the timescales of
these changes are directly linked to the efficiency of the dy-
namical friction acting on the discs.
3.4 Disc structure
In order to study the structural changes of disc galaxies, as
they orbit within a group environment, we have first centred
the discs and aligned them in such a way that the Z-axis is
defined by their rotation axes. Then, their structural proper-
ties have been computed in concentric rings, 1 kpc wide (out
to 20 kpc from the disc centre for the “z=0” experiments,
and out to 10 kpc for the “z=1” experiments), considering
only stars that remain bound to the disc galaxy at a given
time, and that are located within 3 kpc from the midplane5.
Figure 8 shows the evolution of the surface mass den-
sity profiles Σ(R) of discs in the REF experiments at red-
shift “z=0” and “z=1”, after each of their first six pericen-
tric passages. The profiles show that discs start losing stars
from the outskirts first. This is expected since those stars
5 No significant variations in either the structural or the kinemat-
ical properties of discs are found for different (reasonable) vertical
limits.
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Figure 11. Evolution of the scale-lengths and the mean thickness of discs galaxies for all our experiments at redshift epochs “z=0” and
“z=1”. Both the scale-lengths and mean thickness have been normalised by their corresponding initial values, and have been corrected
by the evolution of the respective disc in isolation.
have lower binding energies and can be more easily stripped
off, especially after strong tidal interactions between the disc
and the central region of the group during pericentric pas-
sages. On the other hand, there is an increase of the sur-
face mass density in the central region of the discs (most
notably at “z=0”), due to the accumulation of mass that
forms a central non-axisymmetric feature. Interestingly, the
surface mass density profiles stay fairly exponential (seen as
a straight line in log-linear scale) during the evolution of the
discs, in spite of the central feature formed at later times.
In our experiments, we have computed the scale-length of
discs by applying a linear fit to lnΣ(R). We have considered
only bound stars out to 0.75RD (where RD is the initial disc
scale-length), in order to avoid spurious measurements due
to tidal arms. The evolution in the radial structure of the
stellar discs, during their infall within a group environment,
is characterised by a steady decrease in the scale-length of
their mass distributions. Note that the decrease in the sur-
face mass density at larger radii appears more significant at
“z=0” than at “z=1”. This is consistent with the faster mass
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loss rate observed during pericentric passages at “z=0”, as
described in Section 3.2.
Figure 8 also shows the evolution in the thickness of
the stellar discs as a function of radius, after each of their
first six pericentric passages, for the REF experiments at
redshift “z=0” and “z=1”. At each radius, the thickness is
expressed as 〈|z|〉. As discs orbit within the group environ-
ment, they are subject to significant thickening that is not
uniform with radius, but more pronounced towards the out-
skirts. In the REF experiments, most of the evolution in the
thickening of the discs is seen before the third (fourth) peri-
centric passage at “z=0” (“z=1”). In fact, we shall see that
the pericentric passage at which the first significant change
in the thickening takes place is clearly correlated to the ap-
pearance of a central non-axisymmetric feature in the disc.
Since the thickening increases with radius, we have adopted
a single global thickening in order to compare discs of differ-
ent experiments. This global thickening has been defined as
a “mean” thickening averaged over radial bins, and weighted
by the number of stars in each bin.
Interestingly, our simulated discs resemble the unre-
laxed populations of early-type dwarf galaxies observed in
the Virgo cluster, which have exponential brightness profiles
and oblate intrinsic shapes (Lisker et al. 2007). However, as
mentioned above, our simulations might not be directly com-
parable to those observations.
In the context of our simulations, the evolution of disc
galaxies is exclusively driven by tidal interactions with the
global potential of the group environment. This motivates us
to examine the structural changes in the discs with respect
to the strength of the global tidal forces acting upon them.
Figures 9 and 10 show the evolution of the scale-length and
scale-height of discs, and of the amplitudes of their central
and global non-axisymmetries, comparing them to the evo-
lution of the global tidal force on the disc galaxies along their
orbits. This is shown for the following representative experi-
ments: REF, RAD, FON and RET, at redshift epochs “z=0”
and “z=1”. Also included are the times at which the pericen-
tric passages take place, as well as the structural evolution of
the discs in isolation (scale-length, scale-height and ampli-
tudes of non-axisymmetries), that is, without the interaction
with the group environment. The strength of the global tidal
force acting on discs along their orbits is estimated as the
group-to-galaxy mean density ratio, 〈ρgroup〉/〈ρgalaxy〉. Both
〈ρgroup〉 and 〈ρgalaxy〉 are computed considering both DM
and stellar mass, the former within the disc’s orbit from the
centre of the group, and the latter within 10RD from the
disc centre. The amplitudes of the m=2 non-axisymmetries
are computed by binning the spatial distribution of bound
disc stars in cylindrical shells of 1 kpc width, out to ∼6RD.
In each bin, the second harmonics of angular distribution
are computed as:
a2 =
1
N
N∑
i=1
sin(2φi), b2 =
1
N
N∑
i=1
cos(2φi), (4)
where in each bin, N and φi are the number of stars and
their angular position, respectively. The amplitude of the
m=2 harmonic, in each bin, is A2 = (a22 + b
2
2)/2. We define
the global amplitudes as Aglobal =
√
〈A(R)2〉, averaged over
radial bins, and the central amplitudes as Acentral = A(R),
for stars within R < 6RD.
Figures 9 and 10 show the very close relation be-
tween the structural evolution of the discs, and the evo-
lution of the global tidal force acting on them along their
orbits. In general, as discs orbit within the group poten-
tial well, the relative strength of the global tidal force,
〈ρgroup〉/〈ρgalaxy〉, varies along the orbit, starting from a
small tidal force at the virial radius of the group, where
〈ρgroup〉 ≈ 0.01〈ρgalaxy〉. As discs approach their first peri-
centric passage, 〈ρgroup〉/〈ρgalaxy〉 spikes because of the
rapid increase in the mean density of the group within the
disc’s orbit. By the time 〈ρgroup〉 ≈ 〈ρgalaxy〉 (or in the
case of experiments at “z=1”, 〈ρgroup〉 ≈ 0.3–0.5〈ρgalaxy〉),
the global tidal force is strong enough to trigger signifi-
cant transformations in the structure of discs. In particu-
lar for the REF experiments, the enhanced mass loss at
this point (see Figure 3) leads to a sharp decrease in the
scale-lengths of discs. At the same time, the formation of
central non-axisymmetries (possibly triggered by the gener-
ation of tidal arms, according to the amplitude of global
non-axisymmetries), heats the discs vertically, increasing
their scale-heights. When 〈ρgroup〉 < 〈ρgalaxy〉, the global
tidal force at pericentres is only able to excite the forma-
tion of global non-axisymmetries, and of negligible central
non-axisymmetries. On the other hand, when 〈ρgroup〉 >
〈ρgalaxy〉, the discs experience a series of step-like decreases
in their scale-lengths, and step-like increases in their scale-
heights, at subsequent pericentric passages. These step-like
changes in the structure of discs highlight the fact that most
of the evolution suffered by discs takes place at the pericen-
tres. This is expected since at those points along the orbits of
discs, the impulsive accelerations on them are the strongest.
Our finding that discs start suffering significant struc-
tural transformations after 〈ρgroup〉 ' 〈ρgalaxy〉 agrees only
partially with the recipe for tidal disruption used in the semi-
analytic model of galaxy evolution by Guo et al. (2011). The
following are some important differences between this recipe
and the results of our simulations. First, this criterion is ap-
plied only after the galaxy DM halo has been completely
disrupted. Our simulations show that by the time discs are
affected by tidal forces, their DM halos still retain a non-
negligible fraction of their initial mass. Second, their esti-
mation of 〈ρgalaxy〉 only considers baryonic material, while
ours takes into account both DM and stellar mass. Lastly,
Guo et al. assume that the galaxy is completely disrupted
when the criterion is satisfied. Our simulations show that
this recipe can underestimate significantly the disruption
time of galaxies, since they can survive for a much longer
time after they start being affected by the tidal forces of the
global field.
The rest of the experiments at “z=0” show a behaviour
that is qualitatively similar to that of the REF experi-
ment. The specific differences between them are, firstly, how
rapidly along their orbits the discs are dragged into regions
where 〈ρgroup〉 ≈ 〈ρgalaxy〉; and secondly, how much the
structure of discs responds to the strong tidal forces, based
on the initial inclination of their orbits. In the RAD experi-
ment, given that the disc has a more eccentric infalling orbit
in comparison to the disc in the REF experiment, it expe-
riences changes in its structure significantly sooner along
the orbit. In particular, it reaches the central region of the
group where 〈ρgalaxy〉 ≈ 〈ρgroup〉 during its first pericentric
passage. The disc in the RET experiment has a structural
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evolution significantly different from that of the REF exper-
iment, despite having a very similar infalling orbit. It shows
an almost complete absence of both global and central non-
axisymmetric features correlated with pericentric passages.
The former can be associated to a slower mass loss rate (see
Figure 3), and to a slower decrease in the disc scale-length.
The latter can be linked to the formation of a weak central
bar that does not increase the disc scale-height dramatically.
The characteristics of the disc in the FON experiment lie in
between the two extreme behaviours described for the REF
and RET experiments, thus providing an intermediate case
for the structural evolution of discs.
Figure 11 shows a direct comparison of the evolution of
the scale-lengths and scale-heights of discs, for all the exper-
iments at “z=0” and “z=1”. We find that the experiments
at “z=0” that evolve the most, in terms of scale-lengths, are
RAD and MR1:5. In those cases, the initially more eccentric
orbit and the larger galaxy-to-group mass ratio are linked
to a more efficient dynamical friction, that drags the galax-
ies towards the centre of the group on shorter timescales.
In these discs, the scale-lengths decrease by ∼50 per cent
right before reaching the group centre at t ∼6.5-8.5 Gyr. On
the other hand, the discs that evolve the least are found in
the CIR and MR1:20 experiments, in which the discs spend
most of the time at the outskirts of the group, away from the
denser central region. In those cases, the scale-lengths show
a decrease of less than 10 per cent over 12 Gyr. The rest of
the experiments show an intermediate evolution where the
scale-lengths decrease by ∼60 per cent before they reach
the group centre at t ∼11.5-12 Gyr. However, some of these
experiments do show some different evolution while discs
are infalling. The scale-lengths in the FON and RET ex-
periments change less over time with respect to REF ex-
periments, which is consistent with the different ways these
discs generate tidal arms and lose their bound mass. On the
other hand, the scale-lengths of discs in the BUL and COL
experiments show practically no differences in comparison
to the REF experiment.
The evolution of the discs’ scale-lengths in the experi-
ments at “z=1” show some interesting differences with re-
spect to those at “z=0”. Discs in the RAD and MR1:10,
CIR, and REF experiments still exhibit the largest, small-
est and intermediate evolution in their scale-lengths, respec-
tively. The scale-lengths in the rest of the experiments show
almost no differences among them, and in general, they
present less evolution in comparison to the REF experiment.
This lack of differentiation between the scale-lengths of most
of the experiments at “z=1” could be due to the relatively
smaller tidal disruption of the discs by a less concentrated
group environment in comparison to that at “z=0”.
In terms of disc scale-heights, the experiments at “z=0”
that present the most evolution are RAD and MR1:5, show-
ing up to ∼50 per cent increase by the time the discs reach
the group centre. This is consistent with what is observed
for the disc scale-lengths. At the opposite extreme, the CIR
experiment shows almost no thickening of the disc during
12 Gyr of evolution. Similarly to the scale-length evolution,
the rest of the experiments, except MR1:20, exhibit roughly
the same increase in the disc scale-heights, 50-60 per cent,
right before the time they reach the group centre. Before
that time, these experiments do show some differences in
the amount of disc thickening. Among them, the RET ex-
periment appears to be most resistant to thickening, in com-
parison to the REF and COL experiments, followed by discs
in the FON and BUL experiments.
In the experiments at “z=1”, the disc thickening shows
more differences between the various cases, in comparison
to the scale-length evolution. While the largest increase in
the scale-heights are in the RAD and MR1:10 experiments,
with roughly the double mean thickness by t ∼6 Gyr, the
CIR experiment shows no thickening over 8 Gyr of evolu-
tion. The rest of the experiments have increments in their
disc scale-height of ∼50-100 per cent between t ∼8-12 Gyr.
Note that the presence of a central bulge does reduce the
amount of thickening in the disc, with respect to the REF
case. Similarly, discs in the FON and the RET experiments
are also found to retain their original thickness for a longer
time, compared to the REF experiment.
In summary, the evolution in the radial mass distribu-
tion of discs orbiting within a group environment is charac-
terised by a steady decline in their scale-lengths, caused by
the continuous mass loss from the outskirts of the discs and
the accumulation of mass in their central regions. Interest-
ingly, the radial mass distributions of discs remain exponen-
tial, in spite of this evolution. Additionally, disc galaxies also
present a significant thickening of their vertical structure.
This thickening is found to take place only after the forma-
tion of a central non-axisymmetric feature in the discs. Our
simulations also show a close relation between the structural
evolution of discs (in terms of their scale-length, thickness,
and the formation of central features), and the strength of
the global tidal force acting on them. It is found that the
galaxy-to-group mass ratio, the initial inclination of the discs
with respect to their orbits, and their initial orbital eccen-
tricities are among the most important factors governing the
structural evolution of discs.
3.5 Disc kinematics
In order to study the kinematical evolution of stellar discs as
they orbit within a group environment, we first align their
rotation axes along the Z-axis of a Cartesian system cen-
tred on the disc centre of mass. Then, the disc kinematics
are computed in concentric rings 1 kpc-wide, out to 20 kpc
(10 kpc) in the experiments at “z=0” (“z=1”). We consider
only stars that remain bound to the disc and that are within
3 kpc from the disc midplane. Each disc galaxy configura-
tion has been also evolved in isolation (that is, in absence
of external forces) in order to subtract the self-evolution of
the discs, attempting to measure only the evolution caused
by the global tidal field. The kinematical evolution of discs
has been computed as follows:
Q∗(t) ≡ Q(t)−Qiso(t) +Q(t = 0), (5)
where Q ≡ σR, σφ, σZ, or 〈Vφ〉. Namely, radial, azimuthal
and vertical velocity dispersions; or mean rotational velocity.
Figures 12 and 13 show the kinematical evolution of
discs after each of their first pericentric passages (up to six),
for the REF, RAD, FON and RET experiments at redshift
“z=0” (“z=1”).
The kinematic behaviour of discs is closely related to
their morphological transformation. In general, the kinemat-
ical changes in discs are found to be mainly driven by the
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Figure 12. Evolution of the kinematics of disc galaxies in terms of their mean rotation, 〈Vφ〉, and the radial, azimuthal and vertical
components of their velocity dispersions, σR, σφ, and σZ respectively, after each of their first six pericentric passages. For clarity, only the
REF (reference), RAD (more eccentric infall), FON (face-on infall) and RET (retrograde infall) experiments at “z=0” are shown, while
the rest of the experiments can be found in the Appendix. The kinematics of discs have been computed in concentric rings, 1 kpc wide,
considering only stars that remain bound and are located within 3 kpc from the midplane, and have been corrected by the evolution of
the respective disc in isolation.
formation of tidal arms, and by the formation of central non-
axisymmetric features. This, added to the step-like changes
in both the discs scale-lengths and scale-heights described
in Section 3.4, suggest that disc stars are typically subject
to significant violent relaxation (e.g., Binney & Tremaine
1987) after each pericentric passage. The efficiency of this
relaxation appears to be linked to that of the dynamical
friction in each case.
In general, the REF experiments show that the kine-
matics of the disc is mostly affected by the formation of
tidal arms during the first couple of pericentric passages,
showing a progressive increase in the coplanar velocity dis-
persions (both σ∗R and σ
∗
φ) from the outskirts of the disc in-
wards. Note that the formation of tidal arms does not have
a significant effect on the velocity dispersions at the centre
of the disc. This increment in the random motions on the
plane of the disc is of course associated with a steady de-
crease in the ordered motion of disc stars (i.e., mean circular
rotation), also from the outskirts inwards. When a central
non-axisymmetric feature is formed in the disc (typically by
the third pericentric passage), both σ∗R and σ
∗
φ increase sig-
nificantly at the centre of the disc, and this increment in
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Figure 13. Same as Fig. 12, but for experiments at “z=1”.
the velocity dispersion remains practically unchanged dur-
ing the rest of the simulation. On the other hand, the mean
disc rotation is observed to decrease after each pericentric
passage, featuring a flat mean rotation profile as a function
of galactocentric radius. In general, the vertical velocity dis-
persion, σ∗Z, does not show significant variations with re-
spect to the initial profile, especially in comparison to the
evolution of the velocity dispersions on the disc plane. At
first sight, this might seem contradictory when confronted
to the large increase in the thickness of the discs, as de-
scribed in Section 3.4. According to the isothermal sheet
model, σ2Z ∝ Σ(R)zD, where the terms on the right-hand
side are the mass surface density of the disc and its scale-
height, respectively. According to this relation, σZ could re-
main roughly constant with time, if an increase in the disc
scale-height is cancelled out by a decrease in the disc surface
density (see Figure 8).
In the RAD experiments, the rapid formation of central
non-axisymmetric features in discs during the first pericen-
tric passage drives the disc kinematical evolution. Therefore,
we do not observe a gradual increase in both σ∗R and σ
∗
φ from
the outskirts inwards (related to the formation of tidal arms)
but instead a sudden increment at all radii, which remains
roughly unchanged during several pericentric passages. In
this context, the mean rotation of the disc appears to de-
crease faster than in the REF experiment, in subsequent
pericentric passages.
Discs in the FON and RET experiments show a progres-
sively milder kinematical evolution related to tidal arms,
in comparison to the REF experiments. This is to be ex-
pected since the formation of these features is inhibited
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Figure 14. Evolution of the kinematics of disc galaxies in terms of their line-of-sight velocities and velocity dispersions, after each of
their first six pericentric passages. For clarity, only the REF (reference), RAD (more eccentric infall), FON (face-on infall) and RET
(retrograde infall) experiments at “z=0” and “z=1” are shown, while the rest of the experiments can be found in the Appendix. All discs
are placed edge-on, with their midplanes along the X-axis. The kinematics have been computed in 1 kpc-wide bins along the X-axis,
considering all disc stars (both bound and unbound) located within 3 kpc from the midplane, and have been corrected by the evolution
of the respective disc in isolation. Both the line and colour codes are as in Figures 12 and 13.
by the initial inclination of the discs, as described in Sec-
tion 3.3. Instead, in these cases the kinematical evolution of
discs is mainly driven by the slow growth of the central non-
axisymmetric feature, reaching a maximum increase in the
velocity dispersion only after the fourth pericentric passage.
This is also consistent with the fact that these discs retain
for longer their initial mean rotation compared to the disc
in the REF experiment.
The rest of the experiments qualitatively follow a simi-
lar kinematical evolution (see Appendix). Discs with a cen-
tral stellar bulge (BUL) and that with “colder” kinemat-
ics (COL) show a kinematical evolution that is comparable
to that of the REF experiments. In particular, in the BUL
experiment the extra stellar mass in the central region al-
lows the disc to retain a higher central mean rotation with
respect to its outskirts, after each pericentric passage. In
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the COL experiment, the early formation of a central non-
axisymmetric feature appears correlated to an early increase
in the coplanar velocity dispersions in the central region of
the disc. Even after repeated pericentric passages, discs in
more circular infalling orbits (CIR) show a negligible kine-
matical evolution due to the lack of interaction with the
dense central region of the group. Discs in galaxies with a
higher (lower) galaxy-to-group mass ratio show a rather sim-
ilar evolution compared to the REF experiments. The main
difference is that those discs have fewer (more) pericentric
passages, with respect to the REF experiments, given the
efficiency of the dynamical friction in each case.
Observationally, it is not easy to obtain three-
dimensional measurements of the kinematics of disc galax-
ies. Let alone to distinguish between bound and unbound
stars in them. Much more accessible are measurements of
kinematics integrated along the line-of-sight. Similarly to
Figures 12 and 13, Figure 14 shows the evolution of the
kinematics of discs in our experiments at “z=0” and “z=1”,
according to measurements of line-of-sight velocities (vlos)
and line-of-sight velocity dispersions (σlos) along their edge-
on projections. In these measurements we have included all
disc stars (i.e., both bound and unbound) with projected
radii <20 kpc (<10 kpc) for our “z=0” (“z”=1) exper-
iments, and within |z|<3 kpc6 from the midplane. These
measurements have been corrected to account for the evo-
lution of discs in isolation, as described above. The REF
experiment at “z=0” shows that, after successive pericen-
tric passages, vlos decreases from the outskirts inwards, de-
noting that the disc is progressively losing rotation in the
outer region. As we have seen in the previous sections, this
behaviour is related to the formation of tidal arms in the
external regions of the disc. After the last pericentric pas-
sage, a low remaining rotation can still be measured in the
central regions of the disc, while at larger radii the disc does
not exhibit ordered rotation. This is due to the presence of
a small fraction of stars still bound at the centre of the disc,
while the external region is mostly populated by unbound
stars with higher velocity dispersions. After a the first peri-
centric passage, σlos increases mostly at larger radii, which is
consistent with the described decrease of vlos and the forma-
tion of tidal arms. After the following pericentric passages,
σlos increases significantly at smaller projected radii, which
as described above is related to the formation of a central
feature in the disc. At larger projected radii, σlos also in-
creases dramatically, due to the higher fraction of unbound
stars with high velocity dispersions. After performing simi-
lar measurements for different (edge-on) projections of the
disc, we find that measurements of vlos are remarkable con-
sistent. On the other hand, σlos measurements at smaller
projected radii show a significant dependence on projection,
given the non-axisymmetric spatial distribution of the cen-
tral feature formed in the disc. At “z=0”, the RAD experi-
ment behaves as the REF experiment, but the disc evolves
more violently, with larger decreases (increases) of vlos (σlos)
after each pericentric passage. The FON and RET experi-
ments are also similar to the REF experiment, only being
more capable of retaining larger amounts of rotation after
6 Our results do not show significant differences for smaller ver-
tical limits, down to one disc scale-height.
several pericentric passages. The REF, RAD, FON and RET
experiments at “z=1” are qualitatively similar to those at
“z=0”. However, in general, discs at “z=1” retain more of
their original rotation. The rest of the experiments (see Ap-
pendix) show similar behaviours compared to their respec-
tive REF experiments, while each of them exhibits charac-
teristics that resemble those described in the analysis of the
three-dimensional disc kinematics.
In summary, the evolution in the kinematics of discs
orbiting within a group is closely linked to the morpholog-
ical changes they suffer. The formation of tidal arms and
of central non-axisymmetric features in the discs increases
their velocity dispersions, while decreasing their rotational
support. The kinematics of discs in more eccentric orbits
is mostly driven by the formation of central features, since
their faster orbital decay leaves less time for interactions
leading to the formation of tidal arms. In a similar vein, as
the formation of tidal arms is increasingly inhibited in discs
with initial inclinations of 90◦and 180◦, their kinematical
evolution is also driven by the formation of central features.
Galaxies with a central bulge are able to retain a larger frac-
tion of their rotational support, while the evolution of a disc
with colder kinematics is driven early on by the formation
of a central feature. Notably, galaxies in less eccentric orbits
show a negligible kinematical evolution since their structures
are less affected by strong global tidal forces. Differences in
the galaxy-to-group mass ratios of discs are only linked to
faster or slower kinematical evolution, at timescales dictated
by the efficiency of the dynamical friction.
4 DISCUSSION
4.1 Comparison to similar studies
Mastropietro et al. (2005) explored the evolution of disc
galaxies within a cluster environment drawn from a cosmo-
logical simulation. In their implementation, they randomly
chose 20 cluster particles, replacing them with a single N-
body model of a multi-component galaxy, composed by a
stellar disc and a spherical DM halo. In this way, the au-
thors simulated the evolution of discs accounting for the
interaction of galaxies with the global potential, galaxy ha-
rassment by means of close encounters among galaxies (and
with substructure within the cluster), as well as the hierar-
chical growth of the cluster as a function of redshift. Their
main goal was to study the transformation of disc galaxies
into dE/dSph galaxies within a cluster environment.
The experiments presented here differ from those of
Mastropietro et al. in terms of the mass scale of the envi-
ronment under study, the implementation of the simulations,
the number of interacting galaxies, and the choice of the ini-
tial orbital parameters of galaxies. However, it is interesting
to compare how galaxies evolve in the two studies, and to
learn how much of the evolution of disc galaxies in a cluster
environment can already be observed within a group envi-
ronment.
In their study, Mastropietro et al. found that disc galax-
ies undergo major structural transformations, caused by
both the interaction with the global cluster potential, and
the close gravitational encounters with other galaxies and
substructure. These structural transformations were char-
acterised by the formation of spiral patterns and a central
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bar. Both tidal heating and loss of stellar mass ultimately
remove the remaining spiral features, and give to the bar a
rounder shape. In terms of kinematics, in spite of the loss of
stellar mass, the velocity dispersion is shown to increase at
the centre of the disc, driven by the formation of the bar.
Nonetheless, discs are found to retain a significant amount
of rotation, which helps them keep some of their original
disc structure. The authors also showed that discs that orbit
mostly in the outskirts of the cluster do not lose a signifi-
cant fraction of their stellar mass, while they do experience
structural changes, similar to those described above.
In our experiments, we observe that disc galaxies orbit-
ing within a group-size halo show a similar evolution com-
pared to that within a cluster environment. Namely, the
discs suffer the formation of spiral patterns and of a central
bar, along with increasing velocity dispersions. However, it
is important to highlight some relevant differences, espe-
cially when comparing the results by Mastropietro et al. to
our experiments at redshift “z=1”. After the formation of
a central bar in our discs, the tidal heating provided by the
global potential is not strong enough to cause a significant
mass loss that would transform the structure of the galax-
ies from discs to spheroidals. In our experiments, galaxies
do show a significant amount of thickening, likely related to
the vertical heating caused by the formation of the central
bar. However, we find that the formation of a strong bar,
that heats efficiently the vertical structure of the disc, is not
a generic feature of the interaction between a galaxy and a
group environment. Instead, it appears to depend strongly
on the inclination of the disc galaxy with respect to its or-
bit, at the time of infall. Additionally, we observe that global
changes in the structure and kinematics of discs appear to be
closely correlated to the pericentric passages experienced by
the galaxies during their evolution, in contrast with findings
by Mastropietro et al.. Finally, we find that galaxies orbiting
mostly in the outskirts of a group show a negligible loss of
stellar mass, like similar galaxies evolving within a cluster.
However, contrary to Mastropietro et al., we find insignifi-
cant evolution in both the structure and kinematics of those
discs. Our results suggest that the group environment can
indeed contribute to “pre-process” galaxies before they are
accreted on a cluster. The “pre-processing” appears mild for
galaxies sitting at the outskirts of groups. We stress, how-
ever, that our relatively simple experiments do not account
for close encounters between group members, which could
play an important role in the evolution of disc galaxies.
Note that since Mastropietro et al. assigned to their
galaxies on random initial orbits, it is not straightforward
to compare their results to ours, especially regarding what
kind of galaxy evolution would be more likely. In addition,
since their experiments included the joint effect of global
tidal forces and harassment, it is not possible to isolate their
separate contributions to galaxy evolution.
In a recent study, Kazantzidis et al. (2011) examined
the formation of dwarf spheroidal galaxies as the result of
tidal transformations in rotationally-supported disc dwarfs
that interact with a MW-like galaxy. Such interactions
were modelled using N-body simulations, starting from self-
consistent models of stellar discs embedded in cosmologically
motivated DM halos. The authors studied a broad set of
configurations for the interactions, and their impact on the
structure and kinematics of the final dwarf galaxies. Even
though their study is conceptually different from ours, and
from that by Mastropietro et al., we consider instructive to
draw parallels between disc galaxy evolution across environ-
ments of different mass scales.
Kazantzidis et al. found that dramatic tidal transfor-
mations in dwarf disc galaxies were mainly driven by effi-
cient tidally-induced bar instabilities, as well as by strong
impulsive tidal heating, taking place during pericentric
passages. These mechanisms ultimately lead to the trans-
formation of rotationally-supported discs into pressure-
supported spheroids. Our results, as well as those found by
Mastropietro et al. and Kazantzidis et al. confirm that disc
galaxies follow a rather similar evolutionary path, where
tidal transformations play a central role, independently of
the masses of galaxies and the general characteristics of
their respective environments. This is a consequence of the
current cosmological paradigm, where encounters between
structures, on rather eccentric orbits, are of common occur-
rence.
It is interesting to observe that, contrary to our results,
Kazantzidis et al. did not find a significant variation in the
evolution of dwarf discs with respect to the inclination of
their infalling orbits. This is likely due to the fact that they
only studied the evolution of disc galaxies on prograde or-
bits, with inclinations in the range 0◦ 6 θ 6 90◦. As de-
scribed in previous sections, we find that disc galaxies in-
falling either face-on (θ = 90◦) or on an edge-on retrograde
orbit (θ = 180◦) are increasingly capable of retaining stars
during the infall (see also Read et al. 2006), and are increas-
ingly resilient against the formation of a strong central bar
(see also Mayer et al. 2001a). The reduced bar-driven evo-
lution in the discs allows them to maintain their disc struc-
ture for longer times during their interaction with the global
potential. This result might have potentially relevant impli-
cations for the morphology-density relation, since it would
naturally account for a significant fraction of disc galaxies
in the inner dense regions of groups. Indeed, prograde and
retrograde infalls should be equally likely to occur. In the
context of our experiments, it remains to be seen if such
characteristics of discs in retrograde orbits remain in place
after the addition of close-encounter interactions in our mod-
els.
Close encounters between galaxies are expected to
be frequent in groups, given the number of group mem-
bers in environments of this mass scale. Yang et al. (2009)
have estimated the number of satellite galaxies as up to
∼ 10 in groups of ∼ 1013M⊙, using a large catalogue of
galaxy groups in the redshift range 0.01 < z < 0.2, com-
piled from the Sloan Digital Sky Survey Data Release 4
(Adelman-McCarthy et al. 2006). Given the velocity dis-
persions of groups, these encounters are low-velocity in-
teractions, as opposed to high-velocity interactions typ-
ical of larger environments, known as harassment (e.g.,
Moore et al. 1998). Low-velocity close encounters would
cause less impulsive but longer lasting asymmetric perturba-
tions in the gravitational field surrounding a galaxy. The cu-
mulative effect of these frequent perturbations are expected
to play an important role in galaxy evolution, since they
can induce the formation of strong tidal arms and central
asymmetric features in discs, as well as, episodes of star for-
mation. As mentioned in the Introduction, we do not include
the effect of close encounters in this study. However, in the
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context of our experiments, we expect that these interactions
would lead to a more significant morphological evolution in
disc galaxies, inducing the formation of additional tidal arms
that are not correlated to the pericentric passages of galax-
ies. This could cause earlier formation of (possibly stronger)
central asymmetric features, an even larger increase in the
velocity dispersion of discs, and an accelerated rate of mass
loss. We defer to a future paper of this series a detailed study
of the effect of close encounters in galaxy groups, and of its
relative importance with respect to the interactions with the
global potential.
4.2 On the formation of S0 galaxies in groups
Galaxies classified as S0 are characterised by having little
gas content, practically no signs of spiral arms, and often
a prominent central bulge. Their formation process is cur-
rently unknown, although observational evidence suggests
that S0 galaxies are formed from disc galaxies that experi-
ence structural, kinematical and chemical transformations,
mostly induced by their environments (e.g., Dressler 1980;
van Dokkum et al. 1998). It is during those transformations
that their central bulges should grow significantly, in com-
parison to those of spiral galaxies. In recent years, there
has been mounting observational evidence suggesting that
group environments are more efficient at forming S0 galaxies
in comparison to cluster environments (Wilman et al. 2009;
Just et al. 2010). Our simulations show that the mass sur-
face density profiles of disc galaxies remain exponential out
to ∼6RD, during the evolution within a group (see Figure 8).
At face-value, this result could have relevant implications
for the formation of S0 galaxies in groups. Our simulations
show that disc galaxies neither form central stellar bulges
nor enhance pre-existing ones, during their interaction with
the global tidal field. This implies that if S0 galaxies were
formed within galaxy groups, then their bulges could not
be produced by the effect of group tidal forces alone (e.g.,
via bar instabilities) on old disc stars that were already in
place when the galaxy was accreted by the group. Thus, if S0
galaxies are mostly formed in groups, our simulations would
support formation models in which their bulges are currently
composed by a significant majority of relatively young stars
(e.g., see Bekki & Couch 2011). Note, however, that our ex-
periment exploring a lower value of the galaxy Q parameter
(COL experiment) does show a relatively small accumula-
tion of stars in the central region of discs, compared to the
reference experiment. This behaviour is expected since discs
that are kinematically colder (i.e., have lower Q parame-
ter) are less resilient against the formation of central non-
axisymmetries. A detailed analysis of the dependency of the
size of the central non-axisymmetric features as a function
of the Q parameter of disc galaxies is, however, beyond the
scope of this paper.
4.3 On models of tidal disruption/stripping
All recent semi-analytic models of galaxy formation (SAMs)
exhibit an excess of faint and passive satellites with respect
to observational measurements (see e.g., Wang et al. 2007;
Fontanot et al. 2009). In a recent paper, Weinmann et al.
(2011a) have shown that the semi-analytic models pre-
dict a higher ratio of dwarf-to-giant galaxies within clus-
ters compared to observations. In addition, they also show
that SAMs do not exhibit a decrease in the dwarf-to-
giant ratio, as observed in the central regions of clusters
(e.g., Sa´nchez-Janssen et al. 2008; Barkhouse et al. 2009).
Weinmann et al. argue that the most likely solution to this
problem is the adoption of a more efficient tidal disruption
for faint galaxies, particularly at the centre of clusters.
Diemand et al. (2004) analysed a statistical sample of
dark matter substructures in a set of simulated clusters,
and ascribed the lack of ‘slow’ subhalos to the fact that
tidal stripping and tidal disruption is very efficient for these
systems. In this scenario, faint galaxies that are also slow
would be disrupted more easily by the strong tidal field of
the dense central regions of clusters. In addition, faint galax-
ies are also less dense and have a shallower potential well,
so that they are less resilient to the influence of the tidal
field of the parent halo. Such a mechanism would certainly
lower the overall dwarf-to-giant ratio within a cluster, espe-
cially at its centre where the tidal field is stronger. It would
also explain the more extended spatial distribution of dwarf
galaxies observed in clusters, as well as their broader velocity
distributions. Our simulations, however, do not support this
interpretation. Figure 3 shows that galaxy disruption has a
much stronger dependency on both the mass ratio between
the systems and on the orbital eccentricity of the infalling
orbit, than on the orbital energy of the galaxy. Note that
our disc galaxies in both the CIR and RAD experiments
initially have practically the same orbital energy (see Ta-
ble 3), however, they are disrupted in significantly different
ways. Thus, our simulations offer indirect support to alter-
native explanations for the lower central concentration of
dwarf galaxies and their higher velocity dispersion in clus-
ters. Namely, either observed dwarf galaxies are actually an
infalling population mostly located in the outer regions of
cluster/groups (e.g., Conselice et al. 2001), or their charac-
teristic radial distribution within a group/cluster is a natural
consequence of energy equipartition (e.g., White 1976).
On a related subject, as pointed out byWeinmann et al.
(2011a), currently there are contradictory implementations
in SAMs for the tidal stripping suffered by galaxies in clus-
ters. On the one hand, it is modelled as proportional to
M/m (e.g., Kim et al. 2009), whereM is the mass of the pri-
mary system and m is that of the galaxy. Even though there
is not a detailed physical mechanism behind this scaling,
usually it is based on the assumption that stars in smaller
galaxies can be more easily stripped, since these galaxies
have smaller tidal radii. On the other hand, in other studies
the efficiency of tidal stripping is modelled as proportional
to m/M (Wetzel & White 2010). This scaling is based on
the assumption that dynamical friction is more efficient for
larger galaxies, causing them to reach more rapidly the inner
regions of a cluster/group where tidal disruption/stripping
is more intense. According to our simulations (compare
MR1:20 vs. REF vs. MR1:5 in Figure 3), implementations of
tidal stripping scaling as m/M , i.e. more efficient for larger
infalling galaxies, offer a better description of the evolution
of galaxies within a group.
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5 CONCLUSIONS
In this work, we studied the evolution of disc galaxies orbit-
ing within a group-size system, using N-body simulations.
We focus specifically on the changes induced by global tidal
forces on the infalling galaxies. Both the group and the disc
galaxies are modelled as “live” multi-component systems,
composed by both a DM halo and a stellar component. The
stellar component embedded in the group, that accounts for
its central galaxy, is modelled with a spherical mass distri-
bution. The stellar disc of galaxies follows an exponential
density profile. Our strategy is to examine the evolution of
a single galaxy at a time, in order to isolate the effect of
the global tidal forces on the disc, avoiding that of close en-
counters with other galaxies. The galaxy is released on an
infalling orbit from the virial radius of the group, and sinks
towards the inner region of the group under the effect the dy-
namical friction. This set-up is repeated to probe an ample
parameter space that covers a number of relevant aspects
of the galaxy-group interaction. Specifically, we study the
different outcomes obtained from: prograde and retrograde
infalls (with respect to the disc rotation), different orbital
eccentricities (consistent with distributions of orbital param-
eters from cosmological studies), different disc inclinations,
the presence of a central stellar bulge in the disc, different
internal kinematics of discs, and finally, different galaxy-to-
group mass ratios. For each of these aspects, our simulations
are ran at two redshift epochs, “z=0” and “z=1”. At “z=0”,
our fiducial disc galaxy resembles a bulge-less, slightly less
massive Milky Way.
Our results can be summarised as follows:
• Our simulations confirm that the evolution of disc
galaxies due to a group-size tidal field is consistent with
the evolution observed in previous studies across different
environment mass scales (clusters and Milky Way-like envi-
ronments). The general evolution of disc galaxies is char-
acterised by the formation of tidal arms and of central
non-axisymmetric features. This consistency across differ-
ent environment mass scales is a natural consequence of the
current cosmological paradigm, where interactions between
structures along eccentric orbits are common.
• We address the question of when, along their orbits,
disc galaxies start presenting significant structural transfor-
mations due to the group tidal field. Our simulations show
that they take place not before the mean density of the
group, within the orbit of the galaxy, is ∼0.3–1 times the
central mean density of the galaxies. We find that this agrees
only partially with recipes of tidal disruption currently used
in some semi-analytic models of galaxy evolution.
• We find that all disc galaxies on prograde orbits (i.e,
where a disc rotates in the same sense as its infalling orbit)
show a very similar morphological evolution. This is found to
be independent of the initial orbital parameters of discs, ini-
tial galaxy-to-group mass ratio, presence of a central bulge,
and internal disc kinematics. We also find that the only sig-
nificant difference among these experiments is the timescale
at which the morphological changes take place. This is es-
sentially connected to how efficient the dynamical friction
affecting the galaxies is in each experiment. For instance,
a more efficient dynamical friction and a faster evolution
in discs are observed in experiments with larger galaxy-to-
group mass ratios and more eccentric orbits.
• Our simulations show that both the morphological and
structural evolution of discs are strongly dependent on the
initial inclination of discs with respect to their orbits. For
instance, discs infalling face-on (i.e. with their midplanes
perpendicular to the orbital plane) and on retrograde or-
bits (i.e. discs rotating contrary to the sense of their orbits),
are found to be increasingly resilient against the formation
of tidal arms and of strong central non-axisymmetries, with
respect to discs in prograde orbits. This makes both face-on
and retrograde discs more capable to retain their original
disc structure and kinematics for longer times. This would
explain naturally the presence of a possibly significant frac-
tion of disc galaxies in the inner region of groups (and maybe
clusters). However, such resilience of discs could be altered
by the effect of close encounters with other galaxies, which
are not included in this study.
• The evolution in the structure of the disc galaxies dur-
ing their infall is characterised by a steady decrease in the
scale-length of their mass distributions, and by significant
vertical thickening, that is more pronounced towards the
outskirts of discs. Faster variations in the structure of discs
are observed during pericentric passages, where discs are af-
fected the most by strong tidal impulses from the group po-
tential. The kinematical evolution of discs appears closely
related to both the morphological and structural changes
they suffer. In general, it is mainly driven by the formation
of tidal arms and non-axisymmetric central features, that
typically increase the velocity dispersions in the discs from
the outskirts inwards. Disc galaxies evolve towards being
less rotationally-supported systems, with hotter (although
not significantly flatter) velocity dispersion profiles.
• Discs evolving within a group tidal field neither form
significant central bulges, nor enhance the pre-existing ones.
Then, under the assumption that most S0 galaxies (which
often have larger bulges than found in spiral galaxies) are
formed in group environments, these cannot be formed by
the effect of the global tidal field on “old” stars originally in
the discs. Instead, our simulations would favour formation
models of S0 galaxies where their central bulges are com-
posed by a significant fraction of young stars (i.e. formed
after the accretion of a galaxy onto a group).
• Our simulations do not support the concept that tidal
disruption of galaxies depends mostly on their orbital en-
ergy. Such premise has been proposed in the literature to
invoke a more efficient tidal disruption of slow, faint galax-
ies in semi-analytic models of galaxy evolution. This being
aimed to improve the agreement with observations of the
dwarf-to-giant ratio of galaxies in clusters, as well as its ra-
dial distribution. Our results show instead a stronger depen-
dency of tidal disruption on both the galaxy-to-group mass
ratio and the initial orbital eccentricity of discs.
• Finally, our results contradict some of the current mod-
els of tidal stripping of galaxies in clusters, used in semi-
analytic models, where tidal stripping is more efficient for
less massive galaxies.
The present work can be expanded along several lines,
in order to improve our knowledge on how group-scale en-
vironments shape the main properties of disc galaxies. For
instance, the addition of gas components to disc galaxies
would allow the study of more complex physical processes,
such as, strangulation and ram-pressure. In a future study
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we plan to also include the effect of close encounters on the
evolution of disc galaxies, aiming to quantify the relative im-
portance of such encounters against the effect of the global
tidal field.
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APPENDIX A: FIGURES
The following Figures are included here for completeness
and are the continuation of Figures 9, 10, 12, and 13. They
illustrate the structural and kinematical evolution of disc
galaxies for the remaining BUL, CIR, COL, MR1:5, MR1:20,
MR1:10, and MR1:40 experiments, at the respective redshift
epoch “z=0” and “z=1”.
This paper has been typeset from a TEX/ LATEX file prepared
by the author.
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Figure A1. Continuation of Figure 9. Evolution of the structure of disc galaxies in terms of their scale-lengths, RD, mean thickness,
〈|z|〉, and both central and global m=2 Fourier amplitudes, Acentral and Aglobal. The evolution of discs is shown along with the strength
of the global tidal force acting upon them along their orbits, estimated as the group-to-galaxy mean density ratio, 〈ρgroup〉/〈ρgalaxy〉
(see details in the text). For comparison, the evolution of the structure of isolated disc galaxies (thin lines), and the times of pericentric
passages (vertical dotted lines), are also included.
c© — RAS, MNRAS 000, 1–25
Simulating disc galaxy evolution in a group environment. I. The influence of the global tidal field 27
Figure A2. Same as Figure A1
.
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Figure A3. Continuation of Figure 10. Same description as Figure A1.
c© — RAS, MNRAS 000, 1–25
Simulating disc galaxy evolution in a group environment. I. The influence of the global tidal field 29
Figure A4. Continuation of Figure 12. Evolution of the kinematics of disc galaxies in terms of their mean rotation, 〈Vφ〉, and the
radial, azimuthal and vertical components of their velocity dispersions, σR, σφ, and σZ respectively, after each of their first six pericentric
passages. The kinematics of discs have been computed in concentric rings, 1 kpc wide, considering only stars that remain bound and are
located within 3 kpc from the midplane, and have been corrected by the evolution of the respective disc in isolation.
c© — RAS, MNRAS 000, 1–25
30 A´. Villalobos, G. De Lucia, S. Borgani, and G. Murante
Figure A5. Continuation of Figure 13. Same description as Figure A4.
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Figure A6. Continuation of Figure 14. Evolution of the kinematics of disc galaxies in terms of their line-of-sight velocities and velocity
dispersions, after each of their first six pericentric passages. All discs are placed edge-on, with their midplanes along the X-axis. The
kinematics have been computed in 1 kpc-wide bins along the X-axis, considering all disc stars (both bound and unbound) located within
3 kpc from the midplane, and have been corrected by the evolution of the respective disc in isolation. The line types and colour code are
as in Figures A4 and A5.
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